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is	particularly	 important	 to	animals	 that	 invest	heavily	 in	nest	construction,	such	as	
social	insects.	Many	ant	species	have	a	polydomous	nesting	strategy:	a	single	colony	



























&	Mckey,	 2007;	Robinson,	 2014).	Nests	within	 a	 polydomous	 sys-
tem	often	exchange	resources	(e.g.,	Buczkowski,	2012;	Ellis,	Procter,	
Buckham-	Bonnett,	&	Robinson,	 in	press;	Hoffmann,	2014).	A	nest’s	





Ellis	&	Robinson,	 2015,	 2016).	The	 combined	 nests	 and	 trails	 of	 a	
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polydomous	wood	ant	colony	therefore	act	as	a	resource	redistribu-
tion	network:	food	resources	are	transferred	along	the	trails	between	
pairs	 of	 nests,	 resulting	 in	 colony-	level	 redistribution	 of	 resources	
organized	at	a	local	 level	(Ellis	&	Robinson,	2016;	Ellis	et	al.,	2014).	
Wood	ants’	major	source	of	food	is	honeydew,	a	spatially	and	tem-
porally	 stable	 resource	 (Domisch,	 Risch,	 &	 Robinson,	 2016).	 For	 a	
worker,	therefore,	access	to	food	will	depend	not	only	on	their	nests’	













often	 established	 by	 budding:	During	 budding,	workers	 and	 queens	




2000;	 Lanan,	Dornhaus,	&	Bronstein,	 2011;	 Sorvari	&	Hakkarainen,	



























2  | MATERIALS AND METHODS
2.1 | Study species and study site
We	investigated	the	dynamics	of	the	nest	networks	of	the	polydomous	
red	wood	ant	Formica lugubris,	 a	member	of	 the	ecologically	 impor-
tant	F. rufa	species	group	(Stockan	&	Robinson,	2016;	Stockan	et	al.,	
2016).	Wood	 ants	 are	 the	 dominant	 invertebrate	 predator	 in	 their	





















material	 available	 in	 the	 leaf	 litter.	 In	 England,	 Formica lugubris are 
polygynous	and	each	nest	of	the	colony	is	 likely	to	contain	multiple	
queens	(Ellis	&	Robinson,	2014;	Procter	et	al.,	2016).	Scots	pine	(Pinus 
















(internest	 trails)	 and	 between	 nests	 and	 trees	 (foraging	 trails).	 The	
trails	consist	of	workers	traveling	along	fixed	paths	often	transporting	
resources,	 predominantly	 honeydew,	 invertebrate	 prey,	 and	 brood	
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(Ellis	 &	 Robinson,	 2015,	 2016).	Workers	 show	 very	 high	 fidelity	 to	
trails,	rarely	switching	between	trails	once	they	have	been	recruited	
(Ellis	 &	 Robinson,	 2016;	 Gordon,	 Rosengren,	 &	 Sundström,	 1992).	
We	define	a	polydomous	colony	as	two	or	more	nests	connected	by	
internest	trails	(Ellis	et	al.,	2014).	Our	definition	of	a	colony	is,	there-
fore,	 based	on	 functional	 resource	 exchange	between	nests,	 rather	
than	on	the	basis	of	aggression	or	relatedness.
We	use	the	same	mapping	method	employed	by	Ellis	et	al.	(2014)	
previously	 at	 this	 site	 to	map	 the	 same	 colonies	 over	 4	 additional	
time	 points	 over	 the	 next	 2	years.	 For	 each	 colony,	 at	 each	map-
ping	time	 point,	we	 recorded	 the	 spatial	 and	 topological	 layout	 of	
the	nests,	trees,	and	trails.	For	the	trails,	we	measured	the	length	of	
the	 trail,	 compass	direction	of	 the	 trail,	 and	 the	 traffic	on	 the	 trail.	
The	 traffic	on	 the	 trail	was	measured	as	 the	 length	of	 trail	needed	




speed	 at	which	 the	 ants	 are	moving,	which	 is	 strongly	 affected	by	
the	ambient	temperature	(Rosengren,	1977).	Ant	traffic	is	a	measure	
of	trail	strength	based	only	on	the	number	of	ants	passing	along	the	
trail;	 however,	 this	 is	 likely	 to	be	affected	by	 the	number	of	work-









cover	 over	 the	 nests,	 and	 recorded	 the	 species	 of	 the	 trees	 used	
for	 foraging.	The	worker	 population	 in	 a	 nest	was	 estimated	 from	
the	volume	of	the	nest	mound,	calibrated	at	this	site	with	a	mark–
release–recapture	 measure	 (Chen	 &	 Robinson,	 2013;	 Ellis	 et	al.,	









fully	mapped	 in	 late	August	 2012	 (analyzed	 as	 static	 networks	 in	
Ellis	et	al.,	2014).	For	 the	next	2	years	 (2013	and	2014),	 the	colo-
nies	were	 fully	mapped	 (using	 the	methods	 outlined	 above)	 twice	
per	year:	once	in	late	spring	and	again	in	late	summer.	Each	remap-
ping	was	performed	blind,	without	reference	to	the	maps	of	previous	
time	 points.	Wood	 ants	 show	 seasonal	 activity	 patterns:	They	 are	
quiescent	 over	 winter,	 beginning	 foraging	 activity	 (and	 producing	
sexual	offspring)	in	late	spring,	and	continuing	foraging	throughout	
the	summer	and	early	autumn	(Maeder	et	al.,	2016).	Remapping	col-
onies	 in	 late	 spring	and	again	 in	 late	 summer	 therefore	 represents	
the	beginning	 and	 the	height	 of	 the	 foraging	 season,	 respectively.	
The	timing	of	 the	 late	 spring	mapping	was	dependent	on	 the	tim-
ing	of	spring	in	each	year	and	was	not	performed	until	temperatures	
were	high	enough	that	both	foraging	and	internest	trail	activity	were	








Total number of nests
Net change in number of 
nests
Average nest population 
(range)2012- Summer 2013- Spring 2013- Summer 2014- Spring 2014- Summer
I 21 16 15 11 14 −7	(−33.3%) 78,780	(625–1,791,617)
IIa 4 3 4 4 4 0	(0%) 22,941	(290–93,883)
IIb 6 6 6 9 9 +3	(+50%) 17,601	(1560–62,641)
III 12 12 8 9 16 +4	(+33.3%) 35435	(156–166,815)
IV 12 9 6 7 7 −5	(−41.6%) 36,588	(851–185,500)
V 14 11 10 8 2 −12	(−88%) 29,272	(522–265,005)
VI 14 12 12 13 11 −3	(−21%) 18,827	(119–110,039)
VII 7 7 4 5 8 +1	(+14%) 21,109	(285–114,238)
VIII 6 3 4 6 4 −2	(−33.3%) 54,255	(210–384,166)
IX 9 11 17 11 15 +6	(+66.6%) 32,681	(68–288,380)
X 13 8 10 9 8 −5	(−38%) 18,423	(160–90,064)
XI 20 15 10 10 17 −3	(−15%) 10,175	(89–130,860)
XII 6 6 3 8 3 −3	(−50%) 74,528	(1805–240,329)
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2.3 | Analysis
We	are	 interested	 in	how	dynamic	properties	of	nests	within	poly-
domous	 colonies	 are	 influenced	 by	 their	 inherent	 attributes	 (nest	
attributes),	 their	 position	 within	 the	 nest	 network	 (network	 posi-
tion),	and	attributes	shared	with	the	whole	colony	(colony	attributes;	






have	been	shown	 to	be	ecologically	 important	 for	wood	ants	 (Chen	
&	Robinson,	2014)	and	therefore	have	the	potential	to	influence	the	
survival	and	reproduction	of	nests.
Network	 position	 properties	 depend	 on	 a	 nest’s	 location	 in	 the	












nest:	 In	wood	ant	colonies,	 resources	flow	from	the	 trees,	and	 then	
in	some	cases	through	the	internest	trail	network,	to	the	nests.	Flow	
through	a	node	in	a	network	can	be	measured	as	betweeness	central-






























to	 the	 foraging	effort	of	 the	colony,	hereafter	worker:foraging	 ratio,	
gives	an	estimate	of	 foraging	effort	per	worker	 in	 the	colony.	A	 low	
worker:foraging	 ratio	 suggests	 a	 high	 foraging	 effort	 per	 worker,	





compares	 to	 the	 network	 position-	based	 resource	 acquisition	mea-
sure:	normalized	betweeness.
Internest	trails	can	also	have	inherent,	within-	network,	and	colony	
attributes.	An	 important	 inherent	trait	of	an	 internest	trail	 is	the	ant	
traffic	on	that	trail.	Ant	traffic	along	a	trail	does	not	take	into	account	
the	size	of	 the	nests	connected	by	 the	 trails.	Trail	weight	 takes	 into	
account	the	size	of	the	nests	being	connected	by	the	trails.	The	per-








Nest attributes Network position Colony attributes











The distance to the nearest tree.	Calculated	as	the	
linear	distance	(i.e.,	not	along	foraging	trails)	from	
a	nest	to	the	nearest	tree.






on	 a	 foraging	 or	 internest	 trail	 is	 representative	 of	 the	 quantity	 of	












analysis	 is	 used	 to	 describe	 the	time	until	 an	 event	 occurs;	 for	 our	
purposes,	the	event	in	question	is	that	a	nest	is	abandoned	(Kleinbaum	
&	Klein,	2012).	Nest	abandonment	can	be	 inferred	 from	the	colony	












potential	 is	 the	 instantaneous	 potential	 per	 unit	 time	 that	 a	 nest	
(or	 trail)	 is	 abandoned,	 given	 that	 the	 nest	 (or	 trail)	 has	 survived	
up	to	time	t	 (Kleinbaum	&	Klein,	2012).	The	survival	 function,	S(t),	
describes	 the	 probability	 that	 a	 nest	 survives	 longer	 than	 a	 given	
time	t.	The	extended	Cox	PH	model	allows	time-	dependent	explan-


























was	 considered	 to	 be	 newly	 founded.	We	 used	 our	 colony	 layout	









nest	 to	a	newly	 founded	nest	was	another	newly	 founded	nest.	As	
the	order	of	 foundation	cannot	be	 inferred,	 the	nearest	established	
(i.e.,	not	newly	founded)	nest	was	characterized	as	a	possible	founder.	
Newly	founded	nests	can	be	either	foraging	or	nonforaging	and	are	





how	 budding	 relates	 to	 various	 nest,	 nest	within	 the	 network,	 and	





to	 the	 row	of	 the	 table	 (Appendix	 S2).	All	GLMMs	used	 a	 binomial	
error	structure	and	a	logit	link	function.	We	tested	significance	using	a	
chi-	squared	analysis	of	deviance	(AoD)	which	compares	the	full	model	
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3  | RESULTS
3.1 | Nest survival
The	 position	 of	 a	 nest	within	 the	 network	 is	 a	 key	 predictor	 of	 its	
survival.	Nests	with	a	higher	normalized	betweeness	are	significantly	
more	 likely	 to	 survive	 than	 nests	with	 a	 lower	 normalized	 betwee-
ness	(Cox	PH:	z	=	−3.8,	n	=	558,	p	=	.0002;	Figure	2).	This	relationship	
between	 normalized	 betweeness	 and	 survival	 is	 robust	 even	when	





















We	 found	 no	 relationships	 between	 survival	 and	 colony-	level	










is	 not	 significantly	 affected	 by	 either	 the	 distance	 from	 the	 nest	 to	
the	nearest	tree	(Cox	PH:	z	=	−1.24,	n	=	581,	p	=	.1017)	or	the	canopy	
cover	over	the	nest	(Cox	PH:	z	=	−0.17,	n	=	563,	p	=	.3798).	Internest	
trails	with	a	high	ant	 traffic	were	significantly	more	 likely	 to	survive	
than	trails	with	low	ant	traffic	(Cox	PH:	z	=	−2.4,	n	=	476,	p	=	.0042).	




Nests	 from	which	new	nests	 have	been	 founded	 (founders)	 have	 a	
significantly	 higher	 normalized	 betweeness	 than	 those	 from	 which	
no	 new	 nests	 have	 been	 founded	 (nonfounders)	 (AoD1: χ2	=	12.4,	
df	=	1,	p	<	.001;	Figure	3).	Nests	often	change	in	normalized	betwee-






ers	 than	 nests	 in	 colonies	with	 a	 high	worker:foraging	 ratio	 (AoD3: 
χ
2	=	0.15,	 df	=	1,	 p	=	.70).	 Similarly,	 nests	 in	 colonies	 which	 have	 a	
lowered	worker:foraging	ratio	 (i.e.,	an	 increase	 in	foraging	effort	per	
worker)	are	not	significantly	more	 likely	 to	be	founders	 than	nest	 in	
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Nest	 attributes	 do	 not	 predict	whether	 the	 nest	 has	 acted	 as	 a	
founder.	 Founder	 nests	 are	 not	 significantly	 larger	 than	nonfounder	
nests	 (AoD5: χ2	=	0.20,	 df	=	1,	 p	=	.65).	 Similarly,	 nests	which	 had	 a	
greater	increase	in	size	are	not	significantly	more	likely	to	be	found-
ers	than	nests	which	have	had	a	lower	increase	or	a	decrease	in	size	
(AoD.6: χ2	=	0.03,	 df	=	2,	 p	=	.87).	 Founder	 nests	 are	 neither	 signifi-








In	 this	 study,	we	 found	 that	 the	 position	 of	 a	 nest	within	 the	 net-
work	of	polydomous	Formica lugubris	colonies	has	important	ecologi-











interconnected	 nests	 of	 a	 polydomous	 colony	 can	 be	 considered	 a	




a	 single	 ecological	 unit,	 supported	 by	 our	 results,	 suggests	 that	 the	
factors	influencing	the	fitness	of	individuals	in	a	given	nest	are	likely	
to	be	strongly	 linked	to	the	fitness	of	 individuals	 in	other	nests.	The	
ability	of	a	nest	to	survive	and	bud	depends,	in	part,	on	its	position	in	
the	colony	nest	network.	This	dependence	shows	 that	 the	 resource	
movement	through	the	colony	has	an	important	ecological	influence.	
Changes	 in	 the	environment	near	any	given	nest	have	 the	potential	
to	affect	the	survival	and	budding	of	nests	throughout	the	network.	
However,	 it	 is	 important	 to	note	 that	 the	 survival	 and	 reproduction	
of	nests	are	driven	by	proximate	process,	namely	the	access	of	nests	
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or	founded	elsewhere	in	the	colony.	Nests	in	unprofitable	areas,	and	
therefore	with	a	low	resource	flow,	are	more	likely	to	be	abandoned	
than	nests	 in	profitable	areas.	These	dynamics	will	 result	 in	 the	col-
ony	moving	toward	resources	and	away	from	unprofitable	areas.	For	
a	 spatially	 embedded	network,	 such	as	 a	polydomous	network,	 this	
movement	is	physical	movement	of	nodes.	In	networks	which	are	not	
spatially	embedded,	such	as	social	networks,	this	process	could	result	
in	 a	network	clustering	around	certain	nodes,	 for	example	 individu-
als	with	 information.	The	 reverse	could	also	occur;	a	network	could	





analogous	 to	 the	 social	 networks	 of	 individual	 organisms.	 Like	 indi-
viduals,	ant	nests	can	survive	and	reproduce	(in	the	sense	of	founding	
new	nests).	There	are,	 however,	 crucial	 differences.	For	example,	 the	
death	of	an	individual	animal	in	a	social	network	has	direct	fitness	con-
















system.	This	provides	a	useful	basis	 for	examining	 the	 importance	of	
network	position	in	other	biological	systems	such	as	social	systems.
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